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ABSTRACT Magnetotactic algae of the genus Anisonema (Euglenophyeeae) have been isolated from a coastal 
mangrove swamp in northeastern Brazil. The magnetotactic response is based on a permanent magnetic dipole moment 
per cell ~ 7 10- 10 emu. Each cell contains many magnetite (FeJO.) particles organized in chains. 
INTRODUCTION	 (5). The particles are often arranged in a chain that 
imparts a magnetic dipole moment to the cell that isMagnetite (FeJ04) has been reported as a biomineraliza­
responsible for the magnetotactic response (6). In chitons, tion product in bacteria 0,2) and in many multicellular 
magnetite particles of irregular shape are deposited extra­
organisms (3). In magnetotactic bacteria, magnetite par­
cellularly in an organic matrix on the tooth denticles of theticles are deposited intracellularly in membrane vesicles 
radula (7). In the other eUCaryotic organisms, magnetite (magnetosomes) (4) and have dimensions ranging from particles have only been identified magnetically in whole 400 to 1,200 Aand morphologies that are species specific 
organisms and after extraction (8). Thus their in vivo 
arrangement is unknown, although they are thought to be 
responsible for magnetic effects on behavior (1, 3, 9). Here 
a 
FIGURE I (0) Light micrograph of magnetotactic algae oriented in a magnetic field at the edge of a water drop. Cells are -20 /Lm long, 12 
/Lm wide and 4/Lm thick. (b) Light micrograph of an individual alga. 
..z
 
7.
 
FIGUREG  2 (a) Electronl  micrographicr  of A.. platysomumatysomu  (bar length:t : 5 ~m). (b) Electronl t  micrographicr  of periphery off cellll showingi  chainsi  offg 
 
particlesrt  (bar length:t : 2.5 ~m). (c) Electronl t  micrographi r  of particlert  chaini  (bar length:t : 0.5 ~m).g ,gm) 
 
180° 
FIGUREG  3  par-Electronl t  micrographicr r  showingi  relative orientationst o  of r­
ticles and chainsi  att edge of cell.ll. 
magneto-we reportrt thatt eucaryoticr oti  cells,ll , euglenoid,l i , motile,otil , agnet ­
Fe3O4tactict  algae of the genus Anisonema,ni a, containt  manya  0  
particlesrt  organizedi  in chains.i s. 
METHODSE  
The algae wereer  collectedl  in brackishi  waterat r sedimentsent  fromrom a coastalast l 
Fortaleza,mangroveangr  swamp nearr rt l a. Brazil.razil. Theirheir magnetotacticagnetotacti  response 
wasas observed microscopicallyicr scopicall  in drops of waterat r and sedimente t withit  smallall 
barr magnetsagnet  or  Helmholtzel holt  coilsi  placed on or  nearr the microscopeicr  stagea  as 
previouslyi sl  described for magnetotacticagnetotacti  bacteriact ri  (10).). Cellsell  eventuallyt all  
migratedigr t  along magneticagneti  field linesn  either parallelrall l or antiparallelt rall l to the 
direction, is, South-seeking,field i t . thatt . they wereer  either North-seekingort - i  or ut - i . 
respectively.cti l . Killedil  cellsl  rotated and oriented alongo  magneticagneti  fielde d lines.. 
Cellsell  wereer  flat and ovatet  (Fig.i . I) withit  lengtht  and widthi t  of -20 and -121
ILm. respectively.cti l . Thereer  wereer  two flagellaa l  perr cell. one trailing.t ilin . On  the 
basissi  of lightt microscopicicr s i  examinationinati  the organismsm wasas identifiedti  as 
jm, ll,
 
Anisonemai  platysomumtysomu  Skujaj  (II). 
Algael  wereer  isolated fromrom the sedimentsent  by using theiri  magnetotacticagnetotacti  
response to collectl t themhe  att the edge of a drop of waterat r and sedimentt on a 
microscopeicr  slide,, whereher  they wereer  picked up withit  a micropipetteicropipett  and 
depositedsi  on a carbon-coated- t  electronro  microscopei r  grid.r . They wereer  then 
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fixedxe  in situ by incubationt  in 1% glutaraldehyderaldeh  in K2HPO. bufferff  for 
severalr l minutes.inutes. The gridsr  wereer  examinedi  in a 100 keV VG HB5 STEM 
4
 
electron microscopeicr  (VGV  microscopes. Eastast Grinstead. U.K.). .) equippedicr s opes, ri st ,
 
TABLE I
 
LATTICETI  SPACINGSI  FROM ELECTRON
 
DIFFRACTIONI  IN ALGAL  PARTICLESTI 
 
Algall al Latticeatt  
particlesrti  Fe3O4) . planesl  
d-spacings  d-spacings hkQid! 
A* A* 
±4.8  0.5 4.8 111III 
4.2.  
2.9.  2.967 220 
2.6.  2.532 311 
2.1 2.099 400 
1.8 1.715 422 
1.6 1.616 511 
1.5 1.485 440 
1.2 1.281 533 
*ASTM Cardar  19-629.. 
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FIGUREG  4 1800Valuesal  off the  ()o rotationo  timeim  for a killedi e  alga suspended 
in waterater after reversalr l off the magneticagneti  field plottedl t  as a functiont  off 
magneticagneti  field strength.e t . The linen  is a theoreticalreti l fit off Eq.q. I to the datat  
withit  M =- 5  10-'0-10 emu and R =- Am. 
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withit  energy dispersive x-ray analysisal si  (EDX)) and electron diffractioni io  
capabilitiesabilit  (Figs.i s. 2 and 3).). The  size off the algae preventedt  penetrationetr t  off 
the  electrono  beam  att the centerst r  off the  cellsl  (Fig.i . 2 a).). However. 
numerouser s electron-opaqueron-o  particlesarti  arrangeda  in chainsi  oriented moreor  or 
owever,
 
less parallelrall l to the long axisi  off the celll  couldl  be seen att the  electron­-

transparenta t peripheryr  off each cellll (Figs.i s. 2 band 3).). Individuali l particlesrti l  
wereer  roughlyl  arrowheadro  orr tooth shaped (Fig.i . 2 c) withit  lengthst  off 
800-1,800 (1,400 (48o-A 
 a 
 
- .  A . A average)r ) and widthsi t  off 400-500-  A 0 A
average).r e). 
RESULTS 
EDX spectrat  wereer  recorded withit  the electrono  beamO
focused on and offf  the particles.arti l s. Comparisono pari  of the spectrat  
showed thatt the particlesrt  wereer  highly enrichedc  in ironro  
contparedt  to the cellll wallall and cytoplasm.. No Fe x rays 
wereer  observed beyond the apparentar t cellll boundary,ndary, indicat­i t
ing. thatt the particlesrt  wereer  intracellular.ll l r. Electronl t  diffrac­
tion  patternst  wereer  recorded for forty individuall particles.arti l . 
The  patternst  indicated thatt each particlert  wasas a single 
crystalst l withit  orientationr t o  thatt variedr  fromrom particlearti  to particleart  
alongo  the chain.i . Analysisnalysi  off the diffractioni io  patternst  gave 
interplanarr spacings thatt are consistentsist t withit  the known 
ng i
interplanarr spacings of Fe304 (Tablel  I). 
Magnetotacticagnetotacti  bacteria,acteri , coccici and spirilla,iril , wereer  also 
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found in the same sedimentsent  withit  the algae.. Thesees  organ­
isms,s s, typicallyi l  1-3 ~m, containedt  singlel  or doublel  chainsi  off,um 
 
cuboidal-shapedi l  magnetiteagnetit  particlesrt  withit  linearn  dimen­­
sions ~oo A similaril  to those reportedr  previouslyi  (I, 2).). 
Arrow-headr -  shaped particlesart  similaril  to those in the algae 
have previouslyi  been found in bacteriact ri  fromrom sedimentsent  in 
New Zealandeal  (12)) and New Englandgl  (13).). 
Thuss magnetotacticagnetotacti  algae off the genus Anisonemai  
400-600 1 
 
containt  numerouser s chainsi  off Fe304 particlesrt  thatt appearr to 
be located in or nearr the celll  wall.a l. The individuall particlesrt  
are withinit  the single-magnetic-domainn le-m t c-do ai  size range for 
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Fe3O4.
04. Hence,ence, each chaini  is a permanent,anent, magneticagneti  dipolel  
(14).). If the momentso ents off alll  the chainsi  are  oriented parallelrall l 
to each other,t er, a celll  wouldoul  have a magneticagneti  dipolel  momento ent 
equalal to the sum off the momentso ents off alll  its particles.arti l s. An 
estimatei t  off the magneticagneti  dipolel  momento ent of wholehol  algae 
wasa  obtainedt  fromrom measurementseasur ent  of the " rotationio  timeim  
of killedled cells suspendedp  inn water,ater, after reversal of theh  R.. B.. Frankell was partiallyrt  supportedr  by theth  Officeff  of Navala al Research.s r . 
The Francisi  Bitterit  Nationalat l Magnetagnet Laboratoryr t  isis supportedr  by thethdirectionio  of theh  magneticagneti  fieldield produced by a ofpairi  -  
Nationalati l Science Foundation.ndati .for
Helmholtzel holt  coils.i  Usingsi  theh  coefficientf  of viscoussc  drag or" a 
flat disk, theh  rotationio  timeim  Tr is relatedate  too theh  magneticagneti  
momento ent M by theh  equationt o  (15) 
(2MH\

r = 32R31132R31 In (2MB) (1) 
3MBH \kT/' 
cell, X
whereher  R is theh  radius of theh  e"l~  11 is theh  viscosity of water,ater, 
kT
H is theh  magneticagneti  field,e  and ),'  is Boltzmann'sol ann'  constantst t 
multipliedulti l  by temperature.e perat r . Experimentaleri ental sets of values ofTT 
vs. H for elevenev  algal cellsl  wereer  each fit (Fig.. 4) withi  Eq.. 1, 
yieldingd n  an average permanent,anent, magneticagneti  momento ent per celll  
M = 10`0 emu.u. Thisi  is --1,000 timesim  the magneticagneti 6.7 - 10 =
satura­momento ent of a typicali l magnetotacticagnetotacti  bacterium.t iu . The -
tionio  magnetizationagnetizat  in magnetiteagnetit  is 480 emu cm-3• There-
fore the magneticagneti  momento ent of an average-sized-  particlert  
-3. er ­
10-'"
(1,4004  x 480 x 480 A)) is 1.5 - 13 emu.u. Hence,ence, each algall 
103
celll  mustust containt  on the order of 3 3 magnetiteagnetit  particles,rti l , 
-0.2%
withit  the particlesrt  occupyingi  - .2% of the celll  volume.e. 
Althoughl  the motilityotili  of the algae in a magneticagneti  fieldeld is 
moreor  complexpl  than magnetotacticagnetotacti  bacteria,ct ri , the magneto-
tactict  response mechanismec  of the algae appearsar  to be 
similaril  to thatt in magnetotacticagnetotacti  bacteria,cteri , i.e., passive 
orientationt o  of the celll  by the torque exertedr  by the 
magneticagneti  fieldeld on its permanent,anent, magneticagneti  dipolel  (14).). The 
fact thatt the algall magneticagneti  momento ent is three ordersr  of 
magnitudeagnit  larger than typicali l bacterialcteri l momentso ents meansea s 
thatt algae and bacteriact ri  have similaril  ratios of magneticagneti  
agnet 

torque to viscous drag,, thatt is, they have similaril  recoveryV 
 
timesim  after deorientationri t t  eventst  (16). 
The biologicali i l significanceica  of magnetotaxisagnetotaxi  in these 
organismss  is unknown att present,r nt, butt since Fortalezart l  is 
1 ).
 
40withinit i  ° off the magneticagneti  equator,ator, botht  North-seekingort - i  and 
South-seekingut - i  algall cellsl  willill be directedi  horizontally.ri ntall . The 
genus Anisonemai  is typicallyi l  heterotrophict i  and the sedi-
mentsent  are a richc  source off nutrients.tri ts. Thuss magnetotaxisagnetotaxi  in 
these cellsl  mighti ht serve to keep themhe  in the sedimentsent  and 
away fromrom high oxygen tension,, high lightt intensity,sit , and 
high temperaturesperat r  att the waterater surface.r e. 
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